Dendritic cells sample the environment for antigens and play an important role in establishing the link between innate and acquired immunity. Dendritic cells contain mechanosensitive adhesive structures called podosomes that consist of an actin-rich core surrounded by integrins, adaptor proteins and actin network filaments. They facilitate cell migration via localized degradation of extracellular matrix. Here, we show that podosomes of human dendritic cells locate to spots of low physical resistance in the substrate (soft spots) where they can evolve into protrusive structures. Pathogen recognition receptors locate to these protrusive structures where they can trigger localized antigen uptake, processing and presentation to activate T-cells. Our data demonstrate a novel role in antigen sampling for the podosomes of dendritic cells.
INTRODUCTION
The main function of dendritic cells is antigen presentation. Immature dendritic cells are localized in the spleen and other non-lymphoid tissues and constantly sample tissue and blood for antigens by so-called pattern recognition receptors (PRRs) (Lipscomb and Masten, 2002; McGreal et al., 2005; Takeda and Akira 2005; Kaparakis et al., 2007) . Dendritic cells express many different PRRs that recognize pathogen-associated molecular patterns (PAMPs), such as lipopolysaccharide, from the outer membrane of gram-negative bacteria, as well as peptides of bacterial, fungal or viral origin. Binding of antigen to some PRRs, such as C-type lectins, can trigger uptake of antigen via receptor-mediated endocytosis or phagocytosis. Recognition of antigen results in maturation of dendritic cells and surface presentation of the antigen by major histocompatibility complex (MHC) molecules, upregulation of specific co-stimulatory molecules and finally migration to the lymph nodes, where dendritic cells prime T-cells (Banchereau and Steinman, 1998; McGreal et al., 2005) . Because only dendritic cells can induce a primary immune response in resting naive T-lymphocytes, they are considered a crucial component that balances the innate and adaptive immune systems. For antigen sampling, immature dendritic cells need to migrate from their sites of origin (i.e. bone marrow) to specific sites of sampling activity (peripheral tissues), and for activation of Tcells, mature dendritic cells need to travel to the draining lymph nodes where they present antigen to T-cells.
Immature dendritic cells form particular cell-matrix contacts called podosomes that facilitate cell migration within peripheral tissues (reviewed in Buccione et al., 2004; Gimona et al., 2008; Linder et al., 2011; Murphy and Courtneidge, 2011; Schachtner et al., 2013b) . Podosomes consist of an actin-rich core region surrounded by integrins from which anti-parallel actin filaments radiate (Schmidt et al., 2011; van den Dries et al., 2013b) . Adaptor proteins such as vinculin, talin and paxillin connect the cortical actin cytoskeleton to the plasma membrane and to integrins, and are enriched around the actin-rich cores of podosomes. Unlike focal adhesions, podosomes contain the protein WASP that can recruit the actin nucleating complex Arp2/3 (Linder et al., 1999; Burns et al., 2001; Jones et al., 2002; Calle et al., 2006) . Podosomes are points of concentrated release of the metalloproteinase MMP14 (also called MT1-MMP) and several other proteases that locally degrade the extracellular matrix (ECM) (van Helden et al., 2006; Gimona et al., 2008; Linder et al., 2011; Murphy and Courtneidge, 2011) . Protease release at podosomes promotes cell invasiveness and facilitates cell migration through endothelium, epithelium and connective tissue (Matías-Román et al., 2005; Carman et al., 2007; Linder, 2007; Schachtner et al., 2013b) . In fact, podosomes are commonly located at the leading edge of migrating cells and their turnover is required for cell migration and passage through endothelium (Burns et al., 2001; Calle et al., 2006) . WASPdeficient leukocytes do not form podosomes and chemotactic migration is severely compromised in these cells (Zicha et al., 1998; Jones et al., 2002; Dovas et al., 2009) . Podosomes are mechanosensitive (Collin et al., 2008) as demonstrated by their selective localization on the edges of 3D-micropatterned substrates (van den Dries et al., 2012) .
Podosomes are not only formed by dendritic cells (Burns et al., 2001) but also by many other types of adherent cells, such as smooth muscle cells, endothelial cells, megakaryocytes, fibroblasts, macrophages, osteoclasts, microglia and at the postsynaptic site of the neuromuscular junction (Buccione et al., 2004; van Helden et al., 2006; Proszynski et al., 2009; Linder et al., 2011; Schachtner et al., 2013a) . Although podosomes are very similar to the well-studied invadopodia of cancer cells (Wolf and Friedl, 2009) , which are involved in cancer metastasis (Sabeh et al., 2004; Bravo-Cordero et al., 2012) , they are considered to differ from invadopodia in at least two ways. First, podosomes are very dynamic with lifetimes that can be as short as 1 to 12 min, whereas invadopodia can persist for hours (reviewed in Linder et al., 2011; Murphy and Courtneidge, 2011) . Second, podosomes are smaller and measure only 0.5 to 2 mm in diameter and protrude only about 0.4 to 2 mm, whereas invadopodia can reach 8 mm in diameter and can protrude more than 5 mm from the cell surface into the extracellular environment Murphy and Courtneidge, 2011) . However, this limited protrusion depth of podosomes is contradicted in a recent study where it was shown that podosomes of dendritic cells could protrude more than 3 mm into the pores of polycarbonate filters (Gawden-Bone et al., 2010) . Thus, the geometry of the substrate not only dictates the localization of podosomes (van den Dries et al., 2012) , but might also affect the morphology of podosomes and allow podosomal protrusion into the extracellular environment.
The study by Gawden-Bone et al. (Gawden-Bone et al., 2010 ) demonstrated that when dendritic cells were cultured on filters, podosomes formed precisely on top of the pores and could extend into the lumen of the filter pores. Both the release of MMP14containing vesicles and uptake of extracellular material occurred at the tips of these protrusive structures (Gawden-Bone et al., 2010) . These results are interesting because dendritic cells are well known to be capable of sampling for antigen in the lumen of the lung, gut and small intestine by extending 'protrusive dendrites' through the epithelium of these organs (Rescigno et al., 2001; Niess et al., 2005; Chieppa et al., 2006; Vallon-Eberhard et al., 2006; Lelouard et al., 2012; Thornton et al., 2012; Farache et al., 2013; Shan et al., 2013; Strisciuglio et al., 2013) . We speculated that this trans-epithelial antigen sampling might be related to the protrusive podosome-like structures first described by Gawden-Bone et al. (Gawden-Bone et al., 2010) and performed a molecular characterization of these actin-rich structures. Here, we demonstrate that podosomes of human dendritic cells can evolve into protrusive structures that help the cell to sample for antigen from deeper within the substrate. A wide range of PRRs locate to these protrusive structures where they can trigger receptor-mediated uptake of antigen. Our results show a direct role for podosomes in antigen presentation, and this constitutes a new mechanism of how cells might be able to sense extracellular signals through physical barriers.
RESULTS

Podosomes extend in soft spots of the substrate
When human dendritic cells are cultured on a glass substrate, they form clusters of podosomes ( Fig. 1A ) (Burns et al., 2001; van Helden et al., 2006) . Podosomes on glass appear as dome-shaped actin-rich structures with an actin core of ,350 nm diameter and a height of ,500 nm, surrounded by a 250-nm wide ring of integrins and integrin-associated proteins, such as vinculin, talin Fig. 1 . Podosomes locate to spots of low physical resistance from the substrate. (A) Human-monocyte-derived dendritic cells cultured on glass substrate and stained with primary antibodies directed against vinculin, talin and paxillin, and secondary antibodies conjugated to Alexa Fluor 488 (AB, green). Actin was stained with phalloidin-Alexa-Fluor-564 (Phal, magenta). Shown are confocal images of representative cells with podosomes immediately at the glass surface. Yellow arrowheads indicate randomly chosen podosomes. Bar graphs show the percentage of AB-positive actin cores (means6s.d.). (B) Same as A, but cells were grown on polycarbonate filters with pore sizes of 400 nm. The filters were soaked in gelatin conjugated to Alexa Fluor 633 (Filter, gray). Yellow lines indicate the positions of the orthogonal views. The red arrowhead indicates the approximate location of the filter surface. (C) Quantification of the alignment of the podosomes to the filter pores from panel B (mean6s.d.) . (D,E) Schemes of dendritic cells with non-protrusive podosomes on glass (D) and filters with pore sizes of 400 nm (E) (actin, magenta; vinculin, green). Scale bars: 5 mm. and paxillin (Labernadie et al., 2010; Schmidt et al., 2011; Cox et al., 2011; van den Dries et al., 2012; van den Dries et al., 2013b) . It has been recently reported that when dendritic cells are cultured on polycarbonate filters with pores of defined size, podosomes locate on top of the filter pores (Gawden-Bone et al., 2010) . This alignment of the podosomes with the filter pores is likely related to the mechanosensitivity of podosomes that form around local deformations of the substrate (van den Dries et al., 2012) . Indeed, when we cultured human dendritic cells for 1 hour on gelatin-soaked polycarbonate filters with 400-nm diameter pores, almost all podosomes formed directly on top of the filter pores ( Fig. 1B-E) . The actin-rich cores of these podosomes were surrounded by adaptor proteins, such as talin, vinculin and paxillin, similar to podosomes formed by cells on glass substrates . Optical z-sectioning by confocal microscopy revealed that these podosomes did not protrude into the lumen of the 400-nm-sized pores of the polycarbonate filters (less than 1 mm protrusion depth; Fig. 1B ).
We speculated that a pore size of 400 nm might be too small to allow for protrusion of podosomes. To address this, we cultured dendritic cells on gelatin-impregnated filters with larger pores of 1 mm diameter, identical to those employed by Gawden-Bone et al. (Gawden-Bone et al., 2010) . Indeed, as reported previously (Gawden-Bone et al., 2010) , we observed clear protrusion of actin-rich structures into these 1-mm-sized pores ( Fig. 2A ) and regardless of whether the filters were impregnated with gelatin. The actin-rich core of these podosome-like structures could penetrate through the entire filter of ,10-mm thickness. The actin-rich cores were surrounded by adaptor proteins, such as vinculin, which was predominantly present at the base of the pores and did not seem to protrude into the 1-mm-sized pores. However, vinculin increasingly protruded into the lumen of the pores when cells were cultured on filters with larger pore sizes of 2 mm and 3 mm in diameter ( Fig. 2B ,C). On filters with these larger pore sizes, podosomes were not exclusively colocalized with the pores but were increasingly also present in between the pores (Fig. 2D ). On filters with 3-mm-sized pores, small individual podosomes could be distinguished at the edges of the pores and the pore size was large enough to facilitate migration of the whole cell through the filter pores ( Fig. 2C,E) , as reported previously (Gawden-Bone et al., 2010) . Thus, for cells cultured on polycarbonate filters with increasing pore sizes from 400 nm to 3 mm, the morphology of the podosomes differs; in smaller pores, the actin core and, in larger pores, adaptor proteins, such as vinculin, can progressively protrude into the lumen of the pores.
Overall, a picture is emerging where the initial non-protrusive podosomes of dendritic cells search for soft spots of low physical resistance in the substrate (e.g. the filter pores). When such a place is found, podosomes become increasingly invasive and can protrude into the substrate by local degradation of extracellular matrix and by exerting mechanical forces (Gawden-Bone et al., 2010; Labernadie et al., 2010) . This results in growth of a protrusive podosome-like structure and at some point (i.e. for pores above 3 mm in diameter; Gawden-Bone et al., 2010) facilitates transmigration of the cell through physical barriers. Dendritic cells and other blood leukocytes have to cross blood vessel and lymphatic endothelium in order to activate the immune system (Muller, 2011; Vestweber, 2012) . Secretion of the metalloproteinase MMP14 and turnover of podosomes are wellknown to be essential for this transendothelium migration Matías-Román et al., 2005; Calle et al., 2006; Carman et al., 2007) . Indeed, dendritic cells can migrate through monolayers formed by the endothelial cell line EA.hy926 (supplementary material Fig. S1A,B ). Dendritic cells are also able to penetrate and pass monolayers formed by the epithelial cell line Caco-2 (supplementary material Fig. S1C -E) (Rescigno et al., 2001; Strisciuglio et al., 2013) and, for megakaryocytes, podosomes have also recently been shown to play a role in this epithelial penetration (Schachtner et al., 2013a) . Thus, it is increasingly clear that podosomes facilitate cell migration across both endothelial and epithelial barriers.
Characterization of protrusive podosome-like structures
To further investigate the protrusive podosome-like structures on filter substrates, we performed immunostainings for typical podosomal marker proteins on dendritic cells cultured on filters with 1-mm pore sizes. Similar to podosomes of cells cultured on glass ( Fig. 1A) , the F-actin-rich core of protrusive podosome-like structures was surrounded by rings or clusters of talin, paxillin and the integrins ITGAM (a subunit of integrin aMb2) and ITGB1 (integrin b1) ( Fig. 3A) . Interestingly, protrusive podosome-like structures often (for ,10-30% of all podosomes), but not always (for the remaining ,70-90% of podosomes), contained a ring of actin at the base of the protrusions, as could be observed with both phalloidin in fixed cells ( Fig. 3B ) and with the F-actin-binding probe LifeAct-GFP in live cells (supplementary material Fig.  S2A,B ). This is in clear contrast to podosomes formed by cells on glass substrate, which are generally considered to contain solid cores of actin ( Fig. 1A) . Integrins stimulate the production of phosphatidylinositol 4,5-bisphosphate (PIP 2 ), which stimulates WASP activity (Prehoda et al., 2000) and binds directly to talin and vinculin (Brakebusch and Fässler, 2003) , and PIP 2 accumulates at and is essential for the formation of invadopodia of cancer cells (Yamaguchi et al., 2010) . We therefore probed for PIP 2 by exogenously adding bacterially expressed pleckstrin homology domain of phospholipase C delta subunit fused to citrine (PLCd-PH) (van den Bogaart et al., 2011) . PLCd-PH stained a ring surrounding the actin-rich core, demonstrating the presence of PIP 2 Fig. 3 . Characterization of protrusive podosome-like structures. (A) Confocal images of human dendritic cells cultured on membrane filters with pore sizes of 1 mm. Actin was stained with phalloidin-Alexa-Fluor-546 (Phal, magenta) and talin, paxillin, ITGAM and ITGB1 were labeled by specific monoclonal antibodies and secondary antibodies conjugated to Alexa Fluor 488 (AB, green). Yellow lines indicate the positions of the orthogonal views. Yellow arrowheads indicate randomly chosen actin cores. The red arrowhead indicates the approximate surfaces of the filter substrates. Bar graphs show quantifications of the percentage of AB-positive actin cores (means6s.d.). (B) Confocal image of a dendritic cell on gelatin-Alexa-Fluor-633-impregnated filters with pore sizes of 1 mm (Filter, magenta) and stained with phalloidin-Alexa-Fluor-488 (green). The insets show magnifications of actin cores marked i-iv. The graphs show fluorescence intensity distributions through the cross-sections marked by the red boxes (y-averaging). The red arrowheads on the graph mark intensity peaks at the edges of the ring structures of some of the actin cores. (C) Staining of plasma membrane sheets of human dendritic cells similar to A, but instead of antibody staining, PIP 2 was labeled with bacterially expressed PLCd-PH. (D) Cells precultured for 1 h on glass or gelatin-Alexa-Fluor-633-impregnated filters with pore sizes of 1 mm (magenta) were treated for 1 h with 5 mM of the WASP inhibitor wiskostatin or with carrier only (DMSO). Yellow arrowheads mark clusters of actin cores stained by phalloidin-Alexa-Fluor-488 (green). (E) The percentage of cells containing actin cores from the experiment described in D on glass (black) and filter (red) as a function of exposure time to wiskostatin (means6s.d., three independent repeats). Scale bars: 5 mm.
in this region ( Fig. 3C ). Podosome-like protrusive structures still depended on WASP (Linder et al., 1999; Burns et al., 2001; Jones et al., 2002; Calle et al., 2006) , because treatment of the cells with wiskostatin, a selective and reversible inhibitor of WASP (Peterson et al., 2004) , resulted in disassembly of the actin-rich protrusions at a similar rate to that of podosomes of cells cultured on glass ( Fig. 3D,E) (Dovas et al., 2009; Tsujita et al., 2013) .
Degradation of ECM occurs at podosomes and is dependent on the local release of metalloproteinases, such as MMP14 (Buccione et al., 2004; Gimona et al., 2008; Linder et al., 2011; Schachtner et al., 2013b) . Indeed, degradation of ECM took place at protrusive podosome-like structures as apparent by the (,2fold) local increased fluorescence intensity when the filters were impregnated with double-quenched FITC-labeled collagen in gelatin ( Fig. 4A,B ), in agreement with previous results (Gawden-Bone et al., 2010) . We observed by immunocytochemistry that MMP14 was present in the protrusive podosome-like structures (formed on 1-mm-sized pores) and this is a clear difference from the (non-protrusive) podosomes of cells cultured on glass, where MMP14 was not enriched but rather seemed excluded from the actin-rich podosome cores (Wiesner et al., 2010) (Fig. 4C ). MMP14-containing vesicles are known to traffic intracellularly on microtubules in a kinesin-mediated manner (Wiesner et al., 2010; Cornfine et al., 2011) and to travel via microtubules to the tip of invadopodia of cancer cells (Schoumacher et al., 2010) . Our data suggest that MMP14-containing vesicles could also traffic via microtubules to the tip of protrusive podosome-like structures, because microtubules clearly penetrated the F-actin ring of these structures and extended into the lumen of the filter pores ( Fig. 4D ). This tubulin protrusion again is different from podosomes of cells cultured on glass, where the extension of the tubules into the podosomal cores was not observed.
The substrate influences the lifetime of podosomes, and periodic undulations of the actin-rich core are proposed to contribute to the protrusive and mechanosensitive properties of podosomes (Schachtner et al., 2013a; van den Dries et al., 2013a) . Indeed, podosomes seem to become less dynamic and more stable when they become more invasive, because protrusive podosomelike structures have lifetimes that exceeded several hours compared to less than 1 h for podosomes on glass substrate. Moreover, the periodic undulations of the actin cores of protrusive podosomelike structures were reduced ,2-fold compared to podosomes of cells cultured on glass (supplementary material Fig. S2C -E; Movies 1, 2) (see also Labernadie et al., 2010; van den Dries et al., 2013a) . Taken together, we conclude that when podosomes encounter spots of low physical resistance of the substrate (e.g. the filter pores), their morphology and protein composition change as they become increasingly more protrusive and less dynamic. We next addressed the role of endocytosis at these protrusive podosome-like structures of dendritic cells.
Protrusive podosome-like structures are involved in antigen sampling
In a previous study (Gawden-Bone et al., 2010) , uptake of extracellular material at protrusive podosome-like structures of dendritic cells was shown by electron microscopy. In accordance with this observation, we found that the coat protein clathrin localized to these protrusive structures ( Fig. 5A-C) . Given that it is well-established that dendritic cells can sample for antigen across epithelial membranes (Rescigno et al., 2001; Niess et al., 2005; Chieppa et al., 2006; Vallon-Eberhard et al., 2006; Lelouard et al., 2012; Thornton et al., 2012; Farache et al., 2013; Shan et al., 2013; Strisciuglio et al., 2013) and as confirmed by our observations with monolayers of the epithelial cell line 
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Caco-2 (supplementary material Fig. S1E ), we hypothesized that antigen recognition and uptake might occur at the protrusive podosome-derived structures. In order to test this possibility, we first determined whether PRRs involved in antigen uptake located to these protrusive structures. We cultured monocyte-derived dendritic cells on filters with 1-mm pore sizes for 1 hour and performed immunostaining for various PRRs [the C-type lectin family receptors DC-SIGN (also known as CD209), DCIR (also known as CLEC4A), dectin-1 (also known as CLEC7A) and the mannose receptor CD206 (also known as MRC1)]. We also stained for the transferrin receptor CD71 (also known as TFRC) as a general endocytic receptor. All of these PRRs and CD71 localized to protrusive podosome-like structures, but not to nonprotrusive podosomes on glass substrates (Fig. 5D-F) . The presence of DC-SIGN and CD206 at these protrusive structures was confirmed by immunogold labeling followed by transmission electron microscopy (similar to Gawden-Bone et al., 2010) , where we observed a ,3-fold (DC-SIGN) to ,9-fold (CD206) enrichment of gold beads at the protrusive structures compared to at the ventral membrane of the cells (i.e. membrane in contact with the filter surface) (Fig. 6) . We subsequently determined the antigen sampling activity of these PRRs that localize to protrusive podosome-like structures.
We performed functional uptake experiments of quantum dots tethered to the HIV-1 envelope glycoprotein gp120 as a prototype antigen (Cambi et al., 2007) ; gp120 is a ligand for DC-SIGN (Geijtenbeek et al., 2000) and these gp120-coated quantum dots have a particle size of about 40 nm, which is comparable to the size of many viruses (Cambi et al., 2007) . We also performed uptake experiments with OVA (ovalbumin), a well-characterized antigen and ligand for the mannose receptor CD206 (Burgdorf et al., 2006) . Leakage experiments demonstrated that gelatinimpregnated filters were not or only poorly permeable to both OVA and gp120-quantum dots ( Fig. 7A-C ). We measured cellular uptake of gp120-quantum dots and of OVA through these gelatin-impregnated filters by fluorescence microscopy (Fig. 7D-F) . Live-cell imaging showed that uptake of OVA through the filter occurred at the actin-rich protrusive structures (Fig. 7F ). Uptake could be suppressed by the inhibitor of both clathrin-dependent (von Kleist et al., 2011) and independent (Dutta et al., 2012) endocytosis, Pitstop 2, indicating that uptake occurred via endocytosis (Fig. 7G) .
Importantly, uptake of both gp120-quantum dots and OVA through the filters was promoted by the presence of protrusive podosome-like structures, because uptake was strongly reduced (1) when the dendritic cells were cultured on filters with a 400nm pore size (where podosomes form but cannot protrude; Fig. 1B) (Fig. 8A,B) and (2) when CHO cells heterogeneously expressing recombinant DC-SIGN were used instead of dendritic cells (Fig. 8A) . These CHO-DC-SIGN cells can take up gp120quantum dots from the growth medium (Cambi et al., 2007) , but do not form podosomes or podosome-like protrusions (supplementary material Fig. S3A ). Moreover, uptake of OVA could be inhibited by the WASP inhibitor wiskostatin (Fig. 8C) , which causes the disassembly of the protrusive structures ( Fig. 3D,E) . Although the rate of antigen uptake was decreased, uptake was not completely blocked in these control conditions, because of residual leakage of antigen through the filters and because the cells were still able to degrade gelatin. Uptake of gp120-quantum dots and OVA was antigen specific, because (1) uptake could be blocked by competitive inhibition with the sugar mannan (which binds to DC-SIGN and CD206) and (2) biotintreated quantum dots (i.e. without gp120) were endocytosed substantially less effectively than gp120-quantum dots (Fig. 8A,B) .
The antigen was not only taken up by the dendritic cells through the filters, but also subsequently processed by proteases, as apparent from the increase in fluorescence of double-quenched OVA (Fig. 8D,E) . Degradation of this double-quenched OVA by proteases in endosomal/lysosomal compartments results in loss of fluorescent quenching and an increased fluorescence intensity. Control experiments with bafilomycin demonstrated that this processing was dependent on the acidification of endosomal/ lysosomal compartments. Bafilomycin blocks the vesicular ATPase and thereby prevents the acidification required for activation of proteases. We performed experiments with dendritic cells isolated from mouse bone marrow (BMDCs) to determine whether dendritic cells that took up OVA antigen via podosomes could activate T-cells. Similar to human dendritic cells, these mouse BMDCs were able to form protrusive podosome-like structures on filters with 1-mm pore sizes and these protrusive structures contained vinculin, MMP14 and CD206 (the receptor for OVA antigen (Burgdorf et al., 2006) (supplementary material Fig. S3B ). Finally, BMDCs that were loaded with OVA antigen via the filters could activate mouse hybridoma DO11.10 T-cells (supplementary material Fig. S3C ). DO11.10 T-cells recognize OVA (323-339 epitope) bound to MHC class II and this results in an increased secretion of interleukin (IL)-2 (Shimonkevitz et al., 1983) . However, owing to (1) the great sensitivity of T-cells, (2) the limited amount of dendritic cells we could culture on the filters (,10 3 cells) and (3) the inability to completely wash OVA from the gelatin coated filters (because of non-specific binding), we were unable to exclude the possibilities that antigen was directly taken up from the medium during the prolonged T-cell incubation step or that antigen leaked out of the cells or was regurgitated to be presented to the T-cells in trans rather than in cis. Nevertheless, colocalization experiments indicated that the antigen at least partly reached compartments containing MHC class II in human dendritic cells (Fig. 8F ). We conclude that antigen uptake can occur at the protrusive structures of dendritic cells that contain podosomal elements and this antigen can be subsequently processed by dendritic cells, which might eventually result in T-cell activation. 
DISCUSSION
In this study, we demonstrate that podosomes can evolve into protrusive structures that can contribute to antigen sampling of dendritic cells. It is increasingly well established that podosomes respond to and sense the stiffness and geometry of the cellular substrate (Collin et al., 2008; Labernadie et al., 2010; van den Dries et al., 2012) . Podosomes localize to spots of low physical resistance in the substrate. At these soft spots, podosomes exert physical forces (Labernadie et al., 2010) and locally degrade extracellular matrix through the concentrated release of metalloproteinases, such as MMP14 (Buccione et al., 2004; Gimona et al., 2008; West et al., 2008; Gawden-Bone et al., 2010; Linder et al., 2011; Schachtner et al., 2013b) . This can result in remodeling of the ECM, and when or if pores are formed of sufficiently large size (.1 mm), podosomes become progressively protrusive and less dynamic and the morphology and protein composition of podosomes change. These findings are in agreement with the role of invasive podosome-like structures in the formation of transcellular pores in the endothelium (Carman et al., 2007) .
At least at the base of protrusive podosome-like structures, actin forms a ring-shaped structure that aligns with the edges of the pore. This differs from (non-protrusive) podosomes on glass substrates, which are generally considered to consist of solid cores of actin, although recent stochastic optical reconstruction microscopy (STORM) super-resolution microscopy data from our group also seems to suggest in this case that there is an uneven distribution of actin in podosome cores that cannot be resolved by conventional diffractionlimited microscopy (van den Dries et al., 2013b) . Microtubules penetrate the actin ring of the protrusive podosome-like structures and likely facilitate delivery of MMP14-containing vesicles to the protrusive tips (Wiesner et al., 2010; Cornfine et al., 2011) , similar to in the invadopodia of cancer cells where this is well established (Schoumacher et al., 2010) . This again differs from podosomes on glass substrates where MMP14containing vesicles do not seem to reach the core but only transiently contact the periphery of podosomes (Wiesner et al., 2010) and, there, perhaps the dense actin cores prevent the entry of microtubules. Eventually, the combined effects of the mechanical forces exerted by the podosomes and the protease-mediated degradation of extracellular material can allow for the complete cell to migrate through physical barriers. Here, pores in the substrate need to exceed a threshold size (,3 mm) (Gawden-Bone et al., 2010), which is likely limited by the size of the nucleus (Wolf et al., 2013) . Migration of dendritic cells and other leukocytes through ECM and across endothelial membranes of blood and lymph vessels is crucial for immune system function (Muller, 2011; Vestweber, 2012) , and our data further support the wellestablished role of podosomes in this process (Zicha et al., 1998; Burns et al., 2001; Jones et al., 2002; Matías-Román et al., 2005; Calle et al., 2006; Dovas et al., 2009) .
In this study, we demonstrate a clear role of podosomes in antigen sampling of dendritic cells. We have shown that when podosomes become progressively protrusive, a variety of PRRs localize to these protrusive structures. These PRRs allow for receptor-mediated uptake of antigen from the protrusive tips (Gawden-Bone et al., 2010) and thereby can help the cell to sample for antigens from deeper within the substrate (i.e. from the other side of the polycarbonate filter). Antigen cannot only be taken up, but can also be subsequently processed and trafficked to MHC class II compartments and, after antigen presentation, this might result in T-cell activation. Interestingly, it has recently been reported that T-cells also employ protrusive podosome-like structures that contain T-cell receptors to probe for peptides presented in MHC (Sage et al., 2012) , in clear analogy to our findings of antigen recognition by podosomes of dendritic cells.
A body of evidence suggests that dendritic cells can sample for antigen across lung, gut and small intestine epithelium (Rescigno et al., 2001; Niess et al., 2005; Chieppa et al., 2006; Vallon-Eberhard et al., 2006; Lelouard et al., 2012; Thornton et al., 2012; Farache et al., 2013; Shan et al., 2013; Strisciuglio et al., 2013) . Here, dendritic cells can extend protrusive dendrites across the tight junctions of epithelial cells (Rescigno et al., 2001) or through transcellular pores in specialized microfold (M) cells (Lelouard et al., 2012) ; this facilitates the uptake of bacteria from the apical (lumen) side of the epithelial membrane. Our findings now suggest that these protrusive transepithelial dendrites might Fig. 8 . Antigen uptake and processing by protrusive podosome-like structures. (A) Uptake assay as described in Fig. 7 for human dendritic cells and CHO cells stably expressing DC-SIGN cultured on gelatin-coated filters with 1-mm or 400-nm pore size and in the presence or absence of 25 mg ml 21 mannan. After 1 h of uptake, the percentage (6s.e.m.) of cells that took up gp120-or biotin-labeled quantum dots (gp120-Qdot and Biotin-Qdot, respectively) was determined by analysis of confocal images by two or three independent experts (.3 independent repeats; *P,0.02; **P,0.01). (B) Same as A, but now for OVA-647. (C) Time course of OVA-647 uptake for dendritic cells on filter treated with 5 mM wiskostatin (black) or carrier only (DMSO; red) (mean6s.e.m. of three independent repeats). (D) Confocal images of dendritic cells cultured on gelatin-coated filters with 1-mm pore size and with uptake of double-quenched OVA (OVA-DQ, green) and OVA-Alexa-Fluor-647 (OVA-647, magenta) through the filter. Actin was stained with phalloidin-Alexa-Fluor-564 (Phal, gray). OVA-DQ was dequenched, as apparent from the increased fluorescence compared to cells treated with bafilomycin A1. (E) Distribution of the OVA-DQ fluorescence of OVA-647-positive compartments for the bafilomycin-treated and control cells from the experiment shown in D (at least five cells each). (F) Uptake of OVA-647 (magenta) by dendritic cells on a filter, immunostained for MHC-class II (green). Actin was stained with phalloidin-Alexa-Fluor-546 (Phal, gray). Yellow arrowheads indicate intracellular compartments positive for MHC class II and OVA-647. The bar graphs show quantifications of compartments positive for MHC and OVA-647 (means6s.d.). Scale bars: 10 mm.
have evolved from podosomes and thus could provide a mechanistic explanation for the capability of dendritic cells to phagocytose intra-epithelial bacteria.
In summary, we have shown that podosomes can sample the extracellular environment for spots of low mechanical resistance and, once such a spot is identified, podosomes can become increasingly protrusive. These protrusive structures not only facilitate cellular migration through extracellular matrix and endothelial membranes but can also be engaged in receptormediated uptake of antigen. Thereby podosomes can effectively increase the search area that a dendritic cell samples for antigen. This localized uptake of antigen from podosome-derived protrusive structures constitutes a novel role for podosomes of dendritic cells. Understanding how dendritic cells and other monocytes sample for antigen in the complex physical environment of the human body is crucial for our understanding of immune function.
MATERIALS AND METHODS
Preparation of human dendritic cells
Dendritic cells were derived from peripheral blood monocytes isolated from a buffy coat (de Vries et al., 2002) . Monocytes isolated from healthy blood donors (informed consent obtained) were cultured for 6 days in RPMI 1640 medium (Life Technologies) containing 10% fetal bovine serum (FBS, Greiner Bio-one), 1 mM ultra-glutamine (BioWhittaker), antibiotics (100 U ml 21 penicillin, 100 mg ml 21 streptomycin and 0.25 mg ml 21 amphotericin B, Gibco), IL-4 (500 U ml 21 ) and GM-CSF (800 U ml 21 ) in a humidified, 5% CO 2 -containing atmosphere.
Antibodies and reagents
The following primary antibodies were used for the immunofluorescence: Quaranta et al., 1980) at 20 mg ml 21 . The following secondary antibodies were used: goat anti-mouse IgG (H + L) (A-11001), goat anti-rat IgG (H + L) (A-11006) and goat anti-rabbit IgG (H + L) (A-11008), all labeled with Alexa Fluor 488 dye (Invitrogen). Alexa-Fluor-488-, -546-and -633-conjugated phalloidin (Invitrogen) was used at dilutions of 1:200 (v/v) to stain F-actin. The quantum dot streptavidin conjugate (655 nm) was from Invitrogen (Q10121MP). Biotin rgp120 (HIV-1 III B) was purchased from ImmunoDiagnostics.
Gelatin impregnated filters
Gelatin was labeled with Alexa Fluor 633 by incubating 2% (w/v) gelatin from porcine skin in PBS with 100 mg ml 21 Alexa Fluor 633 succinimidyl ester (Invitrogen) for 30 min at room temperature. Unbound dye was removed by methanol precipitation of the gelatin. Hydrophilic polycarbonate membrane filters with different pore sizes (0.4, 1, 2 and 3 mm and 13 mm in diameter) (PCT0413100, PCT1025100, PCT2013100, PCT3013100; all from Sterlitech, Kent, WA) were washed first in 70% and then in 96% ethanol at room temperature. A 5-ml droplet of 2.5% gelatin in PBS was placed on top of a parafilm sheet (sterilized with ethanol) and a filter together with a coverslip was positioned on top of the gelatin solution. After 10 min of incubation, the filters were detached from the coverslips and subsequently transferred into a 24-well plate and kept in PBS until needed for cell culturing.
DQ-FITC-conjugated collagen (Invitrogen) was used for detection of ECM degradation. Human immature dendritic cells were grown for 1 h on filters prepared with 2.5 mg ml 21 DQ-collagen (type I from bovine skin conjugated with fluorescein) in 1% gelatin in PBS. Degraded collagen was visualized after fixation and staining for F-actin with phalloidin-Alexa-Fluor-633.
Immunofluorescence
Cells were cultured on filters at ,200,000 cells per filter (only several 1000 cells adhered) for 1 to 4 h and fixed for 15 min in 4% PFA in PBS at room temperature. Cells were then permeabilized with 0.1% (v/v) Triton X-100 in PBS for 5 min and blocked with CLSM-buffer [PBS with 20 mM glycine and 3% (w/v) BSA] for 30 min. For immunostaining, the cells were incubated with primary antibodies diluted in CLSM overnight at room temperature. Subsequently, the cells were washed with PBS and incubated with Alexa-Fluor-488-labeled secondary antibodies and Alexa-Fluor-546-conjugated phalloidin for 30 min. Finally, cells were washed with PBS prior to embedding in mounting medium containing 0.01% (v/v) Trolox (6-hydroxy-2,5,7,8tetramethylchroman-2-carboxylic acid) and 68% (v/v) glycerol in 200 mM sodium phosphate buffer at pH 7.5. The cells were imaged with an Olympus FV1000 confocal laser scanning microscope (Olympus, Tokyo, Japan) with a 606 1.35 NA oil immersion objective.
PIP 2 labeling
Human monocyte derived dendritic cells were grown on filters with 1 mm pores coated with 2.5% gelatin. Cells were disrupted by a brief ultrasound pulse as described previously (van den Bogaart et al., 2011) with some modifications. In brief, the filters with cells were washed twice with PBS at room temperature and placed on the bottom of a large glass container with PBS. The tip of the sonicator (Branson Digital Sonifier) was placed 3 cm above the filter and three pulses (10% power, 0.1 s pulse with 1 s interval) were given. Filters were then washed once with buffer containing 20 mM Hepes-KOH, 120 mM K-gluconate, 20 mM Kacetate, 2 mM ATP-Mg and 0.5 mM DTT, pH 7.4, and incubated for 30 min with 1 mM PLCd-PH in the same buffer (van den Bogaart et al., 2011) . Finally, the filters were washed twice with PBS, fixed with 4% PFA and co-stained with phalloidin-Alexa-Fluor-546.
Wiskostatin-mediated dissolution of podosomes
Dendritic cells were pre-cultured on glass or gelatin-impregnated filters for 1 h, followed by incubation for 15, 30, 60 and 120 min with 5 mM wiskostatin (40 mM stock in DMSO) and immediate fixation and immunostaining as described above.
OVA and gp120-quantum-dot uptake assay For the conjugation of gp120 to quantum dots, 40 nM biotinylated gp120 was incubated with 20 nM quantum dots-655 with coupled avidin by mixing for 30 min at 4˚C. The coupling was quenched by addition of a 10-fold molar excess of free biotin (to a final concentration of 200 nM) (Cambi et al., 2007) .
To test the uptake of antigen via protrusive podosome-like structures, dendritic cells were pre-cultured for 2 h on filters with 1 mm and 400 nm pore sizes that were impregnated with gelatin. Then, the filters were inverted and placed on top of plastic rings filled with culture medium such that the medium contacted the cells on the filter. The opposite (upper) side of the filter was covered with 50 ml of a suspension of 1 nM quantum dots-655 conjugated to gp120. After a 30-minute incubation, the cells were fixed with 4% PFA and actin was stained with phalloidin-Alexa-Fluor-488. Cells were imaged by confocal microscopy. To test the uptake of OVA-Alexa-Fluor-647 antigen we performed the same assay as for gp120-quantum dots, but now we placed 50 ml of a 5 mg ml 21 OVA-Alexa-Fluor-647 on top of the filter.
Several control experiments were performed: (1) competitive inhibition of antigen uptake with 25 mg ml 21 mannan, (2) using quantum dots conjugated to biotin instead of gp120, (3) using filters with smaller pore sizes of 400 nm, (4) using CHO cells that stably expressed DC-SIGN (Cambi et al., 2007) instead of dendritic cells, and (5) using wiskostatin and (6) Pitstop 2 block of antigen uptake. For the wiskostatin experiment, cells were preincubated for 30 min with 5 mM wiskostatin (40 mM stock in DMSO) and uptake experiments were performed in presence of wiskostatin. For the Pitstop 2 experiment, cells were preincubated for 15 min with 20 mM wiskostatin or the Pitstop 2 negative control (both from Abcam; 30 mM stock in DMSO) and uptake experiments were performed in presence of Pitstop 2 or negative control. All experiments were independently repeated at least three times with dendritic cells isolated from different donors and statistical significance (P values) was calculated with two-tailed Student's t-test for paired samples.
Passive leakage of antigen through gelatin-coated filters
In order to measure passive diffusion of the quantum dots and OVA through the filters we used either uncoated or gelatin-impregnated filters with pore sizes of 400 nm and 1 mm (prepared as described above). These filters were placed on top of plastic rings filled with PBS. A 50-ml droplet of antigen suspension (0.2 nM for gp120-labeled quantum dots and 5 mg ml 21 of OVA-647) was then placed on top of the filter for 30 min. The remaining volume of antigen suspension (,20 ml) was aspirated from the top of the filter and transferred to the MaxiSorp 96well plate. The fluorescence intensity was measured with a CytoFluor ll fluorescence well plate reader (PerSeptive Biosystems) (quantum dots-655, excitation 360/40, emission 645/40 nm; OVA-Alexa-Fluor-647, excitation 590/20, emission 645/20 nm filters). Each experiment was repeated at least three times.
Live-cell imaging
Cells were transfected using the Neon Transfection system (Invitrogen) as described previously (van den Dries et al., 2013a). Briefly, ,200,000 cells were washed with PBS and resuspended in 100 ml resuspension buffer R (Invitrogen). These cells were subsequently mixed with 2 mg of a plasmid coding for LifeAct-GFP and electroporated (2 pulses of 40 ms, 1000 V). Transfected cells were plated in pre-warmed WillCo-dishes (WillCo Wells) containing antibiotic-free and serum-free RPMI medium (Invitrogen). After 3 h of culturing, the medium was replaced by medium supplemented with 10% (v/v) FCS and antibiotics. Prior to live cell imaging, cells were washed with PBS and imaging was performed in RPMI without Phenol Red supplemented with 10 mM HEPES at pH 7.4. Transiently transfected cells were imaged at 37˚C on a Zeiss LSM 510 microscope equipped with a PlanApochromatic 636 1.4 NA oil immersion objective.
Transmission electron microscopy
For the immunogold labeling, dendritic cells were cultured on gelatinimpregnated filters with 1 mm pore size for 1 h, washed once with 0.1 M phosphate buffer at pH 7.4 (PB) and fixed with 2% (w/v) PFA in PB for 2 h. Residual PFA was quenched with 20 mM glycine in PB for 20 min. Samples were blocked with 5% (w/v) BSA-c and 0.1% (w/v) cold water fish gelatin in PB for 20 min. The sample was incubated with the primary antibody (directed against DC-SIGN or CD206) overnight at 4˚C in 0.1% BSA-c in PB, followed by incubation with secondary rabbit-anti-mouse antibody for 30 min at 20 mg ml 21 . For visualization, cells were incubated with protein A labeled with 10-nm-diameter gold particles (binds rabbit IgG) in 0.1% BSA-c in PB. A final fixation step was performed with 2% glutaraldehyde in PB for 60 min at 4˚C. Samples were treated for 60 min with 1% (w/v) OsO 4 , 1% (w/v) potassium ferrocyanide in 0.1 M sodium cacodylate buffer at pH 7.4. Following dehydration with a graded ethanol series, the filters were embedded in Epon which was left to polymerize for 24 h at 60˚C. After polymerization, ,90-nm thin sections perpendicular to the surface of the filter surfaces were cut with a microtome and specimens were imaged with a JEOL 1010 transmission electron microscope.
Transwell inserts with endothelial and epithelial monolayers
Costar Transwell 6.5-mm diameter inserts containing polycarbonate membrane filters with a 5-mm pore size (catalogue number 3421; Corning Incorporated) and impregnated with gelatin were cultured with ,160,000 cells of the endothelial cell line EA.hy926 in DMEM with 4.5 g l 21 glucose, 1 mM ultra-glutamine, antibiotics and 10% FBS on the outer side of the inserts. For the epithelial cell line Caco-2, ,5000 cells were cultured in DMEM with 25 mM glucose, 1% non-essential amino acids, antibiotics and 20% FBS on the outer side of the inserts and without gelatin. Confluent monolayers were formed after 10 days (for EA.hy926) and 20 days (for Caco-2) culturing time. Subsequently, ,20,000 to 100,000 dendritic cells were applied to the inner chamber of the transwell inserts and incubated for 24 h (for EA.hy926) or 5 h (for Caco-2). For the uptake experiments of Alexa-Fluor-647-labeled ovalbumin (OVA-647) through the monolayers of Caco-2 cells (supplementary material Fig.  S1E ), 5 mg ml 21 OVA-647 in RPMI was added to the outer chamber and incubated for 1 h. Finally, the samples were fixed and immunostained for DC-SIGN and CD206 (expressed by dendritic cells).
ELISA and DO11.10 activation assay
For measuring IL-2 production, as a readout of T-cell activation, we used the T-cell hybridoma line DO11.10. DO11.10 cells were grown in IMDM with 5% FCS, 1 mM ultra-glutamine, antibiotics and 0.1% (v/v) bmercaptoethanol. Immature mouse bone-marrow-derived dendritic cells (BMDCs) were isolated by culturing for 7 days with GM-CSF (20 ng ml 21 ). Animal studies were approved by the Animal Ethics Committee of the Nijmegen Animal Experiments Committee. The OVA antigen (concentration used 100 mg ml 21 ) uptake assay on filters (1 mm pores) was performed as described above for 1 h. The filters were washed three times with PBS, and DO11.10 cells in RPMI were added to the washed filters and incubated overnight. ,200,000 BMDCs and 1610 6 DO11.10 cells were used, but the ratio of BMDC to T-cells was in the order of 1:20-1:200 given that only a fraction of the BMDCs adhered to the filter (1000-10,000 cells). After culturing for 6 days, IL-2 production was measured by using monoclonal capture and HRP-conjugated anti-IL-2 antibodies (554424 and 554426, BD Biosciences) using standard ELISA procedures.
